Abstract: Multiple myeloma (MM) is a hematological neoplasm characterized by the clonal proliferation of malignant plasma cells in the bone marrow. MM results in diffuse or focal bone infiltration and extramedullary lesions. Over the past two decades, advances have been made with regard to the diagnosis, staging, treatment, and imaging of MM. Computed tomography (CT) and magnetic resonance imaging (MRI) are currently recommended as the most effective imaging modalities at diagnostic. Yet, recent data from the literature suggest that positron emission tomography combined with computed tomography (PET/CT) using 18 F-deoxyglucose (FDG) is a promising technique for initial staging and therapeutic monitoring in this pathology. This paper reviews the recent advances as well as the potential place of a more specific radiopharmaceutical in MM.
Introduction
Multiple myeloma (MM) is a malignancy characterized by the clonal proliferation of plasma cells. It is marked by heterogeneous phenotypic, genetic and clinical presentation and it is almost always preceded by monoclonal gammopathy of undetermined significance (MGUS) [1] . Smoldering multiple myeloma (SMM) represents a mid-clinical stage between MGUS and MM. This latter constitutes a heterogeneous entity including patients displaying a very slow progression towards an identified MM within several years and patients progressing rapidly towards symptomatic myeloma (high-risk SMM).
The definition of symptomatic MM, a clinical staging requiring treatment, was traditionally based on the presence of organ damage related to plasma cell growth as defined by CRAB criteria (hypercalcemia, renal insufficiency, anemia and the presence of bone lesions). This definition was revised in 2014 by the International Myeloma Working Group (IMWG), integrating new prognostic biomarkers, with the aim of not delaying the initiation of treatment of high-risk SMM-classified patients and to avoid the establishment of harmful bone lesions or renal impairment [2] . New biomarkers have therefore been defined as associated with an 80% probability of progression towards positive MM CRAB criteria within two years, making it possible to identify patients requiring therapy: clonal bone marrow plasma cell percentage ≥60%, involved/uninvolved serum free light chain ratio ≥100, and more than 1 focal bone lesion (FL) (≥5 mm in size) on magnetic resonance imaging (MRI) studies.
Given that the presence of even an asymptomatic bone disease must be considered as a treatment criterion, imaging plays a significant role in the management of MM [2] . Although a standard skeletal survey was traditionally considered as the reference technique, studies carried out over the last 10 years have established the superior performances of low-dose whole-body computed tomography (CT-WB) and MRI. Positron emission tomography (PET) using 18 F-deoxyglucose (FDG-PET), a marker of glucose metabolism, produces performances similar to that of morphological imaging techniques in bone lesions' detection. MRI detects bone abnormalities in more than 90% of patients presenting with symptomatic MM and appears as the best procedure for evaluating painful lesions and detecting medullary compression [3] . On the other hand, in the therapeutic follow-up, the MRI performances are less satisfactory due to a high frequency of false-positive images, while FDG-PET appears to be more effective [2, 3] . In addition, MRI is recommended in SMM patients: patients presenting more than 1 non-equivocal FL (diameter >5 mm) must be considered as suffering from symptomatic MM and requiring treatment [2, 3] . In patients presenting equivocal anomalies in MRI, staging can be completed by a CT-WB or a FDG-PET to confirm asymptomatic bone impairment [2] .
By detecting tumor cells or a tumor environment with high glucose consumption, FDG-PET provides additional information to that provided by MRI or CT [2] . In criteria revised in 2014, the detection of one or more osteolytic lesions in FDG-PET defines MM bone disease recognized by the CRAB criteria. FDG-PET can also be proposed to patients with SMM if MRI is inaccessible or non-conclusive [2] . In addition, FDG-PET allows for the detection of extra-medullary disease (EMD) and provides prognostic information for symptomatic MM at baseline and therapeutic follow-up [4] [5] [6] [7] . FDG-PET is of equal interest for patients with solitary plasmacytoma (SP) to detect EMD [8, 9] and has a prognostic value in patients with SMM [10, 11] .
Other radiopharmaceuticals targeting alternative MM biomarkers have also shown promising results, such as radio-labeled choline, 68 Ga-Pentixafor targeting C-X-C chemokine receptor type 4 (CXCR4), and immuno-PET using radiolabeled monoclonal antibodies (mAbs) as a companion of antibody-based therapies [12] [13] [14] [15] [16] .
FDG-PET for Bone Disease Detection
Despite some variations from one study to another, FDG-PET permits a whole-body investigation with an overall sensitivity of 90% and specificity of 75% for the detection of myeloma lesions [5] [6] [7] . It has the ability to show diffuse involvement, FLs, or mixed bone diseases with variable glucose uptake, resulting in heterogeneous maximum standardized uptake values (SUVmax). PET-FDG enables the detection of EMD, which occurs in less than 10% of patients at diagnosis. FDG-PET is also useful for evaluating patients with non-or slightly secreting forms of myeloma, which cannot be evaluated by biological methods.
FDG-PET sensitivity is better than a whole-body skeletal survey, showing additional lesions in half of the studied patients yet with reported false negative scans for small size lesions of the skull [17] . The French IMAgerie JEune Myélome (IMAJEM) study has compared FDG-PET and MRI performed at baseline in patients with symptomatic MM, showing comparable results with both techniques, detecting abnormalities in more than 90% of the patients [18] . FDG-PET also allows for the detection of additional medullary lesions or EMD in regions unexplored by MRI. In patients with SP, FDG-PET detects additional lesions with a greater sensitivity and specificity than MRI [8] . In addition, it has been demonstrated that the presence of at least two hypermetabolic lesions predict a rapid progression towards MM [9] .
Prognostic Value of FDG-PET in Baseline Evaluation of Symptomatic MM and SMM
The prognostic value of FDG-PET and MRI were firstly compared in a large prospective series of 239 patients who underwent homogeneous first line treatment in a double autograft program [19] . In multivariate analysis, the only diagnostic imaging modality significantly associated with an unfavorable prognostic value, both for overall survival (OS) and event-free survival (EFS), was FDG-PET when the number of FLs was greater than three at diagnosis. The number of FLs on the baseline MRI (7 and more) affected EFS, but not OS.
The prognostic value of the number of FLs on FDG-PET at baseline was then confirmed in a large series of 192 patients with MM treated with thalidomide-dexamethasone induction therapy and double autologous stem cell transplantation (ASCT) [20] . In this study, at least 3 FLs (44% of cases), a SUVmax >4.2 (46% of cases) and the presence of EMD (6%) negatively affected four-year progression-free survival (PFS). The SUVmax >4.2 and the presence of EMD were also associated with shorter OS.
The prognostic value of FDG-PET at diagnosis has also been studied in a smaller series of 61 patients including MM (55 patients) or SP (6 patients) [21] . A correlation has been found between the most intense EMD FDG-uptake and both osteo-medullary fixation (p = 0.027) and the International Staging System (ISS) score (p = 0.048). The bone marrow SUVmax was correlated with the ISS score (p = 0.013). The 44 patients with positive FDG-PET had a shorter five-year survival (61%) than the 11 patients with negative FDG-PET patients, all of whom were alive after five years (p = 0.01). In multivariate analysis, only the EMD with the highest SUVmax had a prognostic value on OS (p = 0.03).
Another study comparing FDG-PET and MRI in a small series of 33 patients with MM at diagnosis concluded that FDG-PET had a prognostic value above MRI [22] . The univariate and multivariate analyses showed that FLs and diffuse bone marrow impairments on FDG-PET affected patients' PFS (p < 0.001), whereas OS was only affected by FLs (p = 0.001). The MRI data were not predictive in multivariate analysis.
Several studies also evaluated the prognostic value of baseline volume-based FDG-PET parameters. These metrics such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) appear as promising tools by quantifying functional disease burden in MM [23, 24] . In a recent study performed with 192 MM patients, baseline TLG higher than 620g and MTV higher than 210 cm 3 were associated with poor PFS and OS after adjusting for baseline myeloma variables. Combined with the 70-gene expression profiling (GEP70) risk score, TLG higher than 205 g identified a high-risk subgroup, and divided ISS stage II patients into two subgroups with similar outcomes to ISS stage I and ISS stage III. However, because of heterogeneous data, further prospective clinical studies are mandatory to confirm the validity of these results.
In SMM, FDG-PET also showed a prognostic value. In a series of 122 patients with SMM, Siontis et al. [10] demonstrated that the probability of progression within two years of patients with positive FDG-PET (hyper fixation with or without lytic lesion described on CT) was 75% vs. 30% in patients with negative FDG-PET, without therapy (median progression: 21 months vs. 60 months; p < 0.001). Among patients with positive FDG-PET, the probability of progression was 87% at two years when high uptake foci were accompanied by osteolytic lesion (n = 16) vs. 61% in the cases without CT lesion (n = 9). In a prospective study of 120 patients, Zamagni et al. [11] demonstrated a rate of progression towards MM at two years for patients with positive FDG-PET (FLs without osteolytic involvement in relation to CT) of 58% vs. 33% for patients with negative FDG-PET.
Therapy Assessment in Symptomatic MM
Obtaining complete metabolic remission (CMR) on FDG-PET exam in an intermediate evaluation before or after ASCT is associated with better survival rates. Bartel et al. [19] showed that the normalization of FDG fixation in FLs after initial chemotherapy courses and prior to ASCT was associated with improved EFS and OS. Confronted with genetic profiles, pre-ASCT CMR bestowed better OS in low risk patients and better EFS in high-risk patients. In 2013, the same team reported the prognostic value of early FDG-PET performed on day 7 of induction therapy, in a series of 302 patients treated according to the same intensive protocol, 277 of whom also had gene expression profiling [25] . The multivariate analysis concluded that more than 3 FLs on FDG-PET on day 7 was associated with lower PFS and OS even in the subgroup of high-risk patients according to genetic profiles. This underlies the value of FDG-PET as a future tool for early corrective therapeutic measures.
In the Italian series of 192 patients, the persistence of a SUVmax >4.2 after induction therapy was associated with a reduced PFS [20] . Three months after ASCT, CMR was obtained in 65% of the patients, with better four-year PFS and OS than those of FDG-PET positive patients. Interestingly, 23% of the patients obtaining complete remission according to conventional criteria were considered as FDG-PET positive. Multivariate analysis showed that post-ASCT FDG-PET status was an independent prognostic factor of PFS. The same team confirmed these findings in 2015, in a series of 282 patients with symptomatic MM undergoing first-line treatment between 2002 and 2012 [26] . Median follow-up was 67 months. After treatment, CMR was obtained in 70% of patients, whereas conventionally defined complete response was observed in 53% of cases. FDG-PET negativization favorably affected PFS and OS. In 12% of patients experiencing relapse, skeletal progression was only detected by systematic FDG-PET during follow-up. Multivariate analysis showed that a SUVmax >4.2 on metabolic imaging after first-line treatment was an independent predictive factor of progression.
The interest of post-ASCT FDG-PET has also been reported in a prospective series of 77 patients evaluated by FDG-PET three months after transplant and every 6-12 months during follow-up [27] . The patients were classified into group 1 (relapse) and group 2 (no relapse). In group 1, the time to relapse was longer when FDG-PET was negative (27.6 months) than when it was positive (18 months) (p = 0.05) with a SUVmax inversely correlated with the time to relapse (p < 0.01) in PET positive patients. In group 2, 27 patients had a negative FDG-PET and 13 positive but with SUVmax remaining stable in the follow-up.
Finally, the French IMAJEM [18] study confirmed the superiority of FDG-PET as opposed to MRI in the therapeutic evaluation of patients with MM in front-line therapy. This work prospectively compared the value of MRI and FDG-PET realized at diagnosis, after three cycles of induction chemotherapy and before maintenance therapy, in a series of 134 patients treated in the Intergroupe Francophone du Myelome/Dana-Farber Cancer Institute (IFM/DFCI) 2009 clinical trial. FDG-PET normalization after three cycles of induction chemotherapy was associated with a better PFS (p = 0.04), as opposed to MRI. Pre-maintenance therapy FDG-PET normalization was equally correlated with improved PFS (p < 0.001) and OS (p = 0.01), unlike MRI.
Similarly to the evaluation of lymphomas [28] , concerted efforts have been made to standardize response assessment for FDG-PET imaging in MM. As described in this review, different groups have reported promising and concordant results. Yet the lack of standard interpretation criteria makes it difficult to draw general guidelines. Several studies mainly relied on semi-quantitative analysis such as SUVmax, while others based their image interpretation on a visual assessment or on both methods. In this context, new interpretation criteria (Italian Myeloma criteria for PETUse; IMPeTUs) were drafted by a group of Italian nuclear medicine experts as a framework that may be useful for harmonizing clinical trials results [29] . Moreover, considering the additive value of imaging-based assessment of minimal residual disease (MRD), the IMWG has recently defined new response categories of MRD negativity [30] . These combine the absence of clonal plasma cells detectable by flow-cytometry or molecular techniques, negative FDG-PET imaging, and a normal heavy/light chain ratio, and probably better represents complete response, to available levels of detection, of malignant cells from all compartments. Further prospective studies are warranted to confirm the validity of these parameters.
FDG-PET to Detect Relapse
The interest of FDG-PET has also been evaluated in patients with MM suspected of relapse after ASCT [31] . It has been shown in a small series of 37 patients that the absence of FDG avid foci was a prognostic factor associated with better time to relapse and OS (p < 0.01). The presence of more than 10 FLs was correlated with lower time to relapse (p < 0.01) and OS (p < 0.05). The intensity of FDG uptake and the presence of EMD were also correlated with a shorter time to relapse (p = 0.037 and p = 0.049, respectively). Moreover, the FDG-PET findings led to a change in patients' management in 30% of cases.
PET Using Other Radiopharmaceuticals
Certain studies have emphasized the diagnostic interest of new radiotracers in MM. In a pilot study, Cassou-Mounat et al. [13] compared 18 F-fluorocholine (FCH), a metabolite incorporated into various phospholipids essential in the formation of cell membranes, and FDG for the detection of MM lesions in 21 patients at time of disease relapse or progression. In the 15 patients with countable bone foci, the on-site reader detected 72 FDG foci vs. 127 FCH foci (+76%), and the masked reader 69 FDG foci vs. 121 FCH foci (+75%), both differences being significant. These data suggested that PET performed for suspected relapsing or progressive MM would reveal more lesions when using FCH rather than FDG. Similarly, Lapa et al. [14] prospectively compared the myeloma lesions' detection sensitivity of FDG and 11 C-methionine (MET), an amino acid required for protein synthesis, in 43 MM patients for staging or re-staging. MET-PET detected FL in 39 patients (detection rate: 90.7%), whereas 10 patients were missed on FDG-PET (detection rate: 76.7%, p < 0.05). MET depicted more FLs in 28 patients (p < 0.001). Both FDG and MET uptake correlated significantly with biopsy-proven bone marrow involvement (p < 0.001), with MET demonstrating a stronger correlation (SUVmean, r = 0.9 vs. r = 0.6; SUVmax, r = 0.88 vs. r = 0.58). Abnormal β-2-microglobulin and free light chain levels correlated with the presence of focal intramedullary lesions detected in MET-or FDG-PET (MET, p = 0.006 and p = 0.01, respectively; FDG, p = 0.02 and p = 0.01).
On the other hand, despite a potential theoretical value, discouraging results have been observed regarding the performance of 18 F-NaF in the assessment of MM. This radiotracer reflects bone remodeling and appears as an interesting imaging method for malignant bone diseases. Yet, as reported in both diagnostic and treatment evaluation [32, 33] , 18 F-NaF does not seem to add significant information to FDG-PET in MM patients.
Theranostic radiopharmaceuticals could also be of interest in MM. CXCR4 is often expressed in high concentration by the monoclonal plasma cells, and a recent study performed in 14 relapsing MM suggested potential of 68 Ga-Pentixafor, a specific ligand showing a high affinity for CXCR4, offering an excellent contrast in CXCR4-positive patients [16] . CXCR4 can also be targeted by the β-particle-emitters 177 Lu-or 90 Y-pentixather for therapeutic purposes, 68 Ga-Pentixafor allowing for a selection of patients to these therapies in a theranostic approach [34] . Radiolabeled mAbs with radionuclides such as 64 Cu or 89 Zr are also considered to select patients before antibody-based therapies [35] , and preclinical studies reported feasibility of immuno-PET with 64 Cu in MM mice models [36] .
Conclusions
FDG-PET constitutes a high performance imaging in symptomatic MM patients to detect medullary and extra-medullary disease at baseline, to assess therapy with prognostic value and to detect relapse after treatment. Yet, FDG-PET interpretation criteria and methods should be standardized for extensive use in clinical practice for symptomatic MM patient management [29] . In SMM, FDG-PET allows for the detection of patients with a high risk of progression towards MM. Pilot studies also reported the interest of innovative radiopharmaceuticals targeting other biomarkers in MM, with potential interest in theranostic approaches.
